Multi-way and device-to-device (D2D) communications are currently considered for the design of future communication systems. Unmanned aerial vehicles (UAVs) can be effectively deployed to extend the communication range of D2D networks. To model the UAV-D2D interaction, we study a multi-antenna multi-way channel with two D2D users and an intermittently available UAV node. The performance in terms of sum-rate of various transmission schemes is compared. Numerical results show that for different ground environments, the scheme based on a combination of interference alignment, zero-forcing and erasure-channel treatment outperforms other schemes at low, medium and high SNRs and thus represents a viable transmission strategy for UAV-aided multi-way D2D networks.
I. INTRODUCTION
Multi-way and device-to-device (D2D) communications are important concepts in the design of next generation (5G) communication systems. Here, the term multi-way refers to multi-user networks where each node acts as a source, a destination and potentially a relay [1] . In D2D communications, users in close proximity are able to communicate with each other directly with minimal base-station (BS) or core network involvement [2] . Both multi-way and D2D communications can lead to significant improvement in the performance of communication networks. This includes, amongst others, an increase in spectral and energy efficiency as well as a decrease in delivery latency [3] , [4] .
Further improvement in the performance of multi-way D2D networks for information dissemination is possible with the assistance of mobile base stations. These type of base stations may compensate for the limited communication range of D2D devices and provide the interface to the core network. In this context, unmanned aerial vehicles (UAVs) can be effectively used as mobile BSs to extend existing communication infrastructure [5] and improve the quality of experience of users (e.g., providing UAV sensor data for safety in car-to-car communication). But the available bandwidths for envisioned UAV spectrum in the 5030-5091 MHz band [6] may not suffice based on recent predictions on bandwidth requirements for UAVs [7] . Spectrum at significantly higher frequencies (e.g. mmWaves [8] ) are likely to be allocated, where communications heavily rely on lineof-sight (LoS) links. Due to this strong dependency on LoS, UAV communication links in this band will be intermittent, which necessitates studying the impact of intermittency on the communication performance. The implications of intermittent node availability on the system performance of interference and X-channels has been studied in prior works [9] , [10] .
In this work, we consider a UAV-assisted D2D setup where three nodes (a UAV and two D2D users) are equipped with multiple antennas and communicate with each other in a multi-way fashion (cf. Fig. 1 ). This setup represents a MIMO multi-way channel with three users [11] . As opposed to most works on multi-way channels, we assume that the UAV might have intermittent connectivity, i.e., all incoming and outgoing links from and towards the UAV may be intermittent with some probability ⌧ . This stems from the statistical nature of D2D$UAV LoS availability, which is critical for effective mmWave communication. The (sum) degreesof-freedom (DoF), i.e., the sum-capacity scaling over the signal-to-noise ratio (SNR) of the MIMO multi-way channel ( Fig. 1 ) was studied in a previous work [12] .
However, the achievable sum-rate at low and medium SNR has not been studied, and it remains to be seen which scheme performs best in practical SNR ranges. Motivated by this, this paper studies the achievable sum-rate at finite SNR. We demonstrate that a scheme combining IA and ZF provides a good performance 2018 IEEE 29th Annual International Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC) 978-1-5386-6009-6/18/$31.00 ©2018 IEEE and even dominates various other schemes at even low SNR. Thus, this scheme is recommended for intermittent D2D$UAV communication.
The rest of the paper is organized as follows. Section II describes the system model of the MIMO multiway channel. A brief summary of schemes for the considered setup is given in Section III. Section IV establishes a relationship between intermittency and the statistical nature of air-to-ground channels. In Section V, numerical results are presented and discussed. Finally, Section VI provides concluding remarks.
Notation:
The notation x n i denotes the concatenation (x i,1 , . . . , x i,n ) and I N the N ⇥ N identity matrix. We use X ⇠ CN (0, Q) to indicate that the random vector X follows a complex Gaussian distribution of zero mean and covariance matrix Q. We write, respectively, ||x|| 2 , N(A) and span(A) to refer to the`2 norm as well as the null and the column (sub)space of some matrix A. Finally, we abbreviate max{0, x} by x + .
II. SYSTEM MODEL
We consider a system illustrated in Fig. 1 in which three MIMO full-duplex nodes (two D2D nodes and a single UAV node) communicate with each other over a shared wireless channel. Each node i 2 {1, 2, 3} has a message W ij and W ik to be conveyed to the remaining two nodes j and k (i 6 = j 6 = k). Out of these three nodes, node 1, which represents the UAV, is only intermittently present. We introduce the intermittency state parameter s`to denote if at time instant`2 {1, . . . , n} node 1 is available (s`= 1) or unavailable (s`= 0). The intermittency state in our model is an independent and identically distributed (i.i.d.) random variable according to a Bernoulli distribution with probabilities P(s`= 1) = ⌧ and P(s`= 0) =⌧ , 1 ⌧ . We denote the concatenation of states for n consecutive channel uses by s n . While s n is assumed to be known at node 1, the state s`is only known causally at nodes 2 and 3. 1 Each node i 2 {1, 2, 3} is equipped with M i transmit and receive antennas. The signal transmitted at time instant`by the i-th node is represented by x i,`2 C Mi⇥1 which satisfies the average power constraint E[||x i,`| | 2 2 ]  nP . Using the same notation, the inputoutput relationship at all nodes are as follows 2
where respectively, H ij 2 C Mj ⇥Mi is the channel (coefficient) matrix from node j to node i and z i,ì s a realization of the random Gaussian noise vector
The SNR is defined as ⇢ = P/ 2 . For the system under study, we assume that M 1 M 2 M 3 . 3 All nodes are assumed to have perfect channel state information (CSI). Encoding, decoding and the error probability are defined in the standard Shannon sense [14] and its description is omitted for the sake of brevity. We indicate the achievable rates with respect to messages W ij by R ij (⇢) and the corresponding sum-capacity by C ⌃ (⇢). The (sum) DoF measures the slope in the sum-capacity through comparison with the (approximate) capacity of a point-to-point channel (⇡ log 2 (⇢)) at sufficiently high SNR. It is given by [15] 
In the next section, we will present multiple nonadaptive schemes, including the DoF-optimal scheme based on IA and ZF, for the considered multi-way setup. Non-adaptive (or restricted) in the case of the multi-way channel means that the encoder of the i-th node for time instant`constructs x i,`w ithout relying on past channel outputs y` 1 i , or in short (
is the encoding function of node i at time`.
III. SCHEMES UNDER INVESTIGATION
We present multiple schemes, including a scheme based on interference alignment and zero-forcing in subsection III-A as well time-sharing-based schemes in subsection III-B.
A. IA/ZF Scheme
Each node splits its message into distinct submessages where a sub-message is either sent by zeroforcing (ZF) or interference alignment (IA). Then it uses superposition coding to encode the sub-messages. Specifically, the transmit signal at the i-th node becomes
where V q ij 2 C Mi⇥a q ij , q 2 {ZF, IA}, represents the transmit beamforming matrix and a q ij the number of independent streams to be allocated for the ZF or IA sub-message of W ij . Each beamforming matrix is independently chosen to avoid overlaps in the transmit signal space. Specifically, the ZF beamforming matrix is chosen such that V ZF ij 2 N(H ik ) for distinct i, j, k 2 {1, 2, 3}. ZF is possible as long as a ZF ij does not exceed the null space dimension, i.e.,
Node i receives a noise-distorted linear observation of the desired signals (denoted by superscript (d)) x
jk,`T , x IA kj,`T ] T , or in short,
with effective channel matrices
At the i-th node, post-coding matrices T q ji are applied to remove the contribution of all components except of the desired component x q ji,`. This requires that the columns of the concatenated matrices H are linearly independent. Nevertheless, the goal is to reserve most of the received signal space for the desired components, i.e., minimize the effect of the interference subspace span H 
This can be achieved by appropriately designing V IA jk and V IA kj . However, it is easy to see that the dimension of this intersection subspace cannot be arbitrarily increased. In fact, it is upper bounded according tō
When it comes to the decoding of signals x q 1j,`o r x q j1,`, i.e., signals sent or received by node 1, the achievable rates scale with the probability ⌧ as these signals experience an erasure channel [14] . Formulating an optimization problem with respect to a q ij andā IA ij , one can show that
B. Time-Sharing-Based Schemes
The time-sharing based schemes, we consider are: 1) BC: This scheme uses MIMO broadcasting (BC) in combination with time sharing, i.e., only in time instants where s`= 1, node i is active (in 1 /3 fractions) and broadcasts its messages to the remaining two nodes. Exploiting the duality between MIMO-BC and MIMO-MAC, the optimal transmit covariance matrix for the broadcast transmissions is determined based on the iterative water-filling algorithm of [16] . broadcasts the messages to the remaining users (even though it might be that s`= 0). The covariance matrix is optimized by iterative water-filling.
3) P2P-TIN: This scheme uses TDMA in connection with treating interference as noise (TIN) and waterfilling for single-user point-to-point (P2P) channels [17] . Specifically, in all time instants where s`= 1 the nodes communicate with each other in the following two modes: In the next section, we establish a link between intermittency probabilities ⌧ and⌧ of the multi-way channel with LoS and non LoS (NLoS) probabilities of state-of-the-art UAV channel models.
IV. UAV COMMUNICATION: LOS AND NLOS
In the existing literature of UAV channel models 4 , the large-scale effect of the channel in terms of path loss is mainly governed by the UAV and the ground device (e.g. D2D user) having LoS or NLoS links. To this end, many works in the existing literature deploy a probabilistic path loss model (e.g. [18] , [19] , [20] ). In these models, the path loss of LoS connections is described by the free space path loss whereas NLoS connections suffer from an additional additive excessive path loss ⌘ that may depend on the carrier frequency f and the elevation angle ✓ (in ) [19] , [20] . Clearly,
with h being the UAVs altitude and d the UAV-toground-user distance. In this context, LoS and NLoS connections occur with probabilities [20] P(LoS) = 1 1 + a 1 e a2(✓ a1) ,
where the constants a 1 and a 2 depend on the ground environment (rural, urban, dense urban, urban highrise) 5 . Fig. 2 shows the LoS probability of these four environments as a function of ✓. It is intuitive, that the LoS probability increases with increasing ✓ due to the reduced influence of signal blockage. We approximate the probabilities P(LoS) and P(NLoS) 6 as follows P(LoS) ⇡ ⌧, P(NLoS) ⇡⌧.
For instance, at ✓ = 37.5 in urban (U), dense urban (DU) and urban high-rise (UHR) environments, the intermittency probability can vary significantly from ⌧ U ⇡ 0.9, ⌧ DU ⇡ 0.7 to ⌧ UHR ⇡ 0.1 (Fig. 2 ). Next, we use these intermittency probabilities to compare the IA/ZF scheme with the time-sharing schemes.
V. NUMERICAL RESULTS
We compare the schemes of section III in terms of the sum-rate (in bits per channel use) versus SNR for
The achievable sum-rate of all schemes is shown in Fig. 3 for ⌧ = 0.1 (Fig. 3a) , ⌧ = 0.7 (Fig. 3b ) and ⌧ = 0.9 (Fig. 3c ). From the plot of Fig. 3 , it can be seen that the IA/ZF scheme outperforms various timesharing schemes (BC, blind BC and P2P-TIN) already at medium SNR (⇢ ' 15 dB). This is mainly so because the slope of the achievable sum-rate is close to the optimal slope (6⌧ + 4⌧ , cf. Eq. (13)) at SNR values exceeding 15 dB. While BC and blind BC perform poorly, irrespective of ⌧ , the performance of P2P-TIN improves with decreasing ⌧ (cf. Fig. 3a vs. 3c ). The reason for this is that as ⌧ decreases, nodes 2 and 3 communicate more frequently in an optimized two-way fashion. The achievable sum-rate of 2W increases with ⌧ because the two-way channel between nodes 1 and 2 attains a higher multiplexing gain (min{M 1 , M 2 } M 3 ) than any other two-way channel pair. With increasing ⌧ , these two nodes are able to communicate with higher frequency and as such increase the overall achievable sum-rate. For ⌧ = 0.1, we can see that schemes P2P-TIN and 2W perform similarly or even slightly better than the IA/ZF scheme. For small ⌧ , node 1 is frequently unavailable; consequently, the benefits of IA are seen at significantly high SNR at which the IA/ZF scheme outperforms 2W.
We recall that in both P2P-TIN and 2W, the knowledge of s`is assumed (at nodes 2 and 3) prior to the transmission at time instant`. This is not the case for the IA/ZF scheme. This means that the non-adaptive IA/ZF scheme is suitable for all ground environments because being robust and agnostic to the availability of the UAV.
VI. CONCLUSION
In this paper, we investigate the performance of UAVaided multi-way networks. To this end, we analyze the achievable sum-rate of a node-intermittent multi-way channel consisting of two users and an intermittently available UAV communication node. To account for the intermittently available UAV node, we deploy a nonadaptive scheme based on interference alignment, zeroforcing and erasure-channel treatment. Numerical results show that this scheme performs significantly better than various other schemes for UAV LoS availability levels ranging from suburban to dense urban ground environments. Considering intermittent availability of aerial nodes, allows scaling the system to multiple D2D users and UAVs.
